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that is situated in Xq28, at about a megabase from the telomere. Until recently, unrelated patients were generally expected to carry different mutations, and, supporting this, a wide variety of WIII gene defects had been described? However, in 1991, Higuchi et a15 reported that 50% of patients with severe hemophilia A had no mutations in the promoter, exon, and exodintron boundaries of their FVIII gene. This was explained in 1992, when we described the same unique factor-VI11 mRNA defect in 42% of severely affected patients (10 of 24).6,7 This defect prevented the amplification of the message across the boundary between exons 22 and 23. Thus, the "missing" mutations were localized to intron 22. These were then found to be frequently occurring gross DNA inversions (Fig 1) involving homologous regions present in intron 22 of the WIII gene and at two more distal These homologous repeats were more precisely defined as 9.5-kb segments of DNA that were termed int22h or intron 22 homologous region with the notation l ,2,3 (int22h-I, int22h-2, int22h-3) to distinguish the intron 22 and the other two copies according to their increasing distance from the centromere. lo Furthermore, the investigation of int22h in patients provided conclusive evidence for the hypothesized intrachromosomal homologous recombination, and a comparison of the sequence of int22h-I, int22h-2 and int22h-3 led to the suggestion that their extensive similarity (of 99.9%) contributed to the high rate of inversion mutations, lo A Bcl I Southem blot may detect these inversions* in which the normal pattern of bands, ie, 21.5 kb, 16 kb, and 14 kb (representing int22h-1, int22h-3, and int22h-2, respectively) is altered to either 20 kb, 16 kb, and 15.5 kb or 20 kb, 17.5 kb, and 14 kb, depending on whether int22h-2 or int22h-3 is involved. Several studies have used this assay to confirm that together they both occur in approximately 45% of severely affected hemophilia A patients and involve int22h-I and the more distal of the extragenic copies, int22h-3, 4 times as frequently as int22h-1 and int22h-2."-I6 Additionally, a small proportion of patients show an atypical pattem of bands on Southern b l~t t i n g .~,~~* '~~' ' These unusual patterns often involve four rather than three bands, thus suggesting that the populations examined are polymorphic for the number of copies of int22h-2 and int22h-3.
This report describes the further analysis of a severely affected hemophilia A patient who has an atypical Bcl I Southern blot hybridization pattern, not hitherto described. The reason for this variant pattern is a novel DNA inversion that involves an unexpected fourth copy of int22h, located only about 200 kb 5' to the FVIII gene, rather than either int22h-2 or int22h-3.
MATERIALS AND METHODS
The patient who was the object of this study is a 58-year-old man with severe hemophilia and low-level intermittent inhibitor, with a maximum titer over the last 8 years of 3.5 Bethesda units. His mother and other ascendant relatives are deceased, but the family history indicates that both the patient's mother and maternal grandmother were obligatory camers of hemophilia.
A 20-mL sample of EDTA-anticoagulated, fresh venous blood was used for extraction of both DNA1* and RNA'9 from patients with severe hemophilia A (<1% FVIII activity) and from a normal male. Blood samples for DNA extraction were also obtained from a panel of 21 normal unrelated females.
Southem blots of Bcl I-digested genomic DNA were prepared as previously described." Prehybridization and hybridization were performed at 65°C in Church buffe?' (0.5 m o m NaPO,, 7% sodium dodecyl sulfate, 1 mmoUL EDTA, 10% dextran sulphate, and 100 pg/mL boiled herring sperm DNA). Probes a and x were labeled using random primer labeling (Megaprime; Amersham, Buckinghamshire, UK). Before use, probes were hybridized to human Cot-1 DNA following manufacturer's instructions (GIBCO-BRL, Paisley, UK) to remove repetitive DNA sequences.
PCR assays were generally performed as described previously.' For PCR assays of over 3 kb (or of unknown length), 38 amplification cycles were performed 
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(for 1 minute at 94°C. for 1 minute at 58 to 65"C, and for 5 minutes at 72°C). and 1 pL o f Perfect match (Stratagene, Cambridge, UK) was included in each 50-pL reaction. The primers used for PCR assays are shown in Table I .
Rapid amplification of cDNA ends (RACE) and vectorette PCR.
RACWvectorette PCR was performed as described i n detail previously? Briefly, reverse transcription o f total lymphocyte R N A was primed with the (dT),,-adapter primer (see Table I ). 30 cycles o f PCR were performed using a FVllI exon 18 primer (6A) and the RACE adapter primer (see Table 1 ). An aliquot o f this reaction was restricted with Cla I, which cuts at a site in the adapter primer, and was then ligated to a Taq I vectorette cassette." This "vectorette library" o f the RACE reaction was stored at -20°C. A n aliquot o f this library was used to amplify between a nested FVllI primer (224, exon 22) and the vectorette-specific primer 224 (see Table I ). The final amplification products, with unknown 3' ends, were purified and directly sequenced. 
4-
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Analysis of yeast artificial chromosomes (YACs). YACs from
Xq28 were screened using the sequence-tagged site defined by PatA and PatB (see Table 1 ) by PCR according to the method described by Bentley et Sequencing was performed by means o f the dideoxy sequencing method" modified for direct sequencing o f double-stranded PCR products.".2sChemical mismatch analysis was performed as described previously.26
Sequencing and chemical mismatch analysis.
RESULTS
Bcl I Southern blot assay.
In the course of analysis of hemophilia inheritance in a family with a history of severe hemophilia, the Bcl I Southern blot assay described by Lakich et al,* which detects the FVIII gene inversions, was performed. An atypical band pattern was observed in patient SI43 (Fig 2a) . The normal pattern of 21.5 kb, 16 kb, and 1 2 3
14 kb was altered to 17.5 kb, 16 kb, and 14 kb. The loss of the 21.5-kb fragment indicated that int22h-1 was affected, whereas the unaltered 14-and 16-kb bands showed that int22h-2 and int22h-3 were not. However, the 14-kb band was of twice its normal intensity, suggesting a duplication of one distal repeat. This result was unusual because one rather than two altered-sized bands were observed, but the loss of the 21.5-kb fragment did suggest that the patient had an inversion. This suggestion was confirmed with the alternative inversion assay that uses mRNA to detect the failure of reverse-transcription-PCRs crossing the exon 22/ 23 boundary?' The Xba I restriction fragment-length polymorphism in intron 22" was also analyzed by Southern blotting using the same probe (probe a) as that used for the Bcl I assay. The patient lacked the 6.2-or 4.8-kb polymorphic fragments located in intron 22, whereas the extragenic copies of int22h at 6.8 and 6.6 kb were of increased intensity (data not shown). This result indicated that probe a was failing to recognize an intron-22-sized fragment.
The abnormal Xba I polymorphism result led us to test an alternative int22h hybridization pmbe (probe x, amplified with primers h-BF and h-BR see Table I and Fig 3) on the patient's Bcl I blot, because probe a covers only 1 kb of the 9.5-kb repeated region." Besides all the above bands, this alternative hybridization detected an additional 12-kb fragment (Fig 2b) .
These results indicated that (l), in fact, five copies of int22h were present in the patient, (2) one of these copies was incomplete because it did not contain the region corresponding to probe a, and (3) there were two abnormal-sized bands (12 kb and 17.5 kb) that could reasonably be expected to contain inversion junctions. This third conclusion was later confirmed when FCR amplification of a product containing the truncated copy of int22h (see below) showed that the 12-kb band contained an inversion junction comprising intron 22 sequences 5' of int22h. Furthermore, the 17. of int22h (probe N2 amplified with NE! and NR2; see Table 1 and Fig 3a) . To characterize the unusual inversion suggested by the atypical Bcl I Southem blot result, the patient's FVIII mRNA waq further examined. Previously, patients with the common inversions had been found to have hybrid FVIII messages that consisted of FVIII exons 1-22 and novel exons called A-E, normally located 300 to 400 kb telomeric (and 5') to the normal FVIII gene? Therefore, it was of interest to characterize the sequences spliced 3' to FvTlI exon 22 in patient S143's "A.
The combined techniques of RACEB and vectorette PCRZ1 d o w the efficient isolation of the unknown 3' ends of polyadenylated mRNAs that are too rare to be isolated by RACE alone? Thus, three RACE/ vectorette PCRs were performed for patient S143. Each amplification gave several products, and these were purified by absorp tion to glass milk (Geneclean; BIO 101, La Jolla, CA) and were sequenced. One piece of sequence was found spliced next to exon 22 in the great majority of products (Fig 4) . This sequence did not have an open reading frame. Other m r products a p peared to represent different splicing events. Primers from this sequence (PatA and PatB) formed a sequence-tagged site that was used to locate, by PCR, the normal position of this novel sequence on a previously described Xq28 YAC contig? Thus, it was found that this sequence lies 70 to 200 kb telomeric and, therefore, 5' to the FVIII gene, between the markers c6.1AB and 924R-C.-w Therefore, as has been found for other patients with inversions: this patient has sequences normally located several kilobases 5' of the FVIII gene that are spliced onto FVRI exon 22. However, the novel sequence found here is more proximal than int22h-2 and int22h-3, which are located 300 to 400 kb 5' of the FVIII gene and the exons A-E found in the other inversioncanying patients that are located distal to int22h-2.
The Bcl I Southem blot results indicated that one of the inversion junctions involved truncated int22h sequences (termed tint22h); thereCharacterimtion of mRNA sequences 3' to exon 22.
PCR analysis of an inversion junction.
use only. fore, this was examined by PCR. A primer from intron 22, W-AF (Fig 3a) , was used in conjunction with primers within inr22h (h-BR, 3' end of probe x and GEND, just 5' of probe a; see Fig 3a) to establish which int2211 sequences were present in the incomplete copy. Amplifications with h-BR succeeded, whereas those with GEND failed, thus locating the end of these int22h sequences between these two primers (Fig 3b) . A primer (h-CF) within tint2211 was then used in combination with the primer PatAR (from the novel exon described in the previous section), and a product of 1.3 kb was obtained (Fig 3c, product I ). This showed that the novel "exon" found spliced to exon 22 in the patient's FVIII mRNA was very close to rinr22h in genomic DNA (Fig 3b) . This allowed for a PCR product (-3 kb) to be amplified between W-AF and PatAR (Fig 3c, product II) , which encompassed the whole tint22h. This product must have contained one of the inversion junctions because it extended
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+ P a m Sequence ana1.vsi.s of the PCR product encornpassing the inversion junction. Product I1 (Fig 3c) encompassed an inversion junction in this patient; therefore, the product's entire sequence was analyzed. The DNA extending from f8-AF to h-BR was compared, by chemical mismatch analysis, with that from normal controls, and no significant difference was detected. The remainder of product ll was sequenced, thus allowing the boundary between the tint22h and the sequences from the region 70 to 200 kb 5' of the FVIIl gene to be fully characterized (Fig 5) . The tin12211 of patient SI43 contained only 1.9 of the 9.5 kb of int22h and terminated only a few bases before the primer GEND (which had been shown to be absent). A complete A h repeat, present in int22h. was included within the 1.9 kb of tint22h and terminated =45 bp from the boundary. The boundary was characterized by a 4-bp homology between the two joined sequences and was flanked by two microdeletions a few bases away on either side. One of these microdeletions was within tint22h and involved the loss of 15 A residues from the end of the A h repeat sequence mentioned above. The other eliminated one of two tandemly repeated TpC dinucleotides of the adjoining sequence.
DISCUSSION
We have discovered a novel DNA inversion causing severe hemophilia A. The inversion (shown in Fig 6) the primer GEND is underlined, and immediately after this primer is an EcoRl site that represents the start of F8A published to involve 220 to 350 kb of DNA, rather than the 450 to 550 kb of DNA involved in the more common inversions. Nevertheless, this novel inversion causes the same disruption of the FVlll gene, with exons 1-22 separated from and in the opposite orientation to exons 23-26. Furthermore, the mRNA containing exons 1-22 of the FVIII gene is spliced to a sequence containing in-frame nonsense codons. Thus, as in the more common inversions, translation of this mRNA is expected to terminate shortly after exon 22.
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An extra truncated copy of int22h is involved in this inversion. At first, this was suggested by the observation that both inversion junction fragments hybridized to probe x, whereas only one hybridized to probe n. Subsequently, the definitive proof was obtained by sequencing the inversion junction fragment containing the truncated int22h repeat (tint22h).
The results also indicate that the inr22h sequences located 70 to 200 kb 5' of the FVlII locus and involved in this inversion must have been in the same orientation as int22h-2 and int22h-3.
The lack of a normal intron-22 Xhn I polymorphic fragment, observed for this patient, can be easily explained with the knowledge that the inversion involves a truncated copy of int22h. The Xhn I site in the 5' part of intron 22 (XI; see Fig 3a) , responsible for the unique, polymorphic FVIII fragment of 4.8 kb (XI to Xz; see Fig 3a) or 6.2 kb (XI to X3; see Fig 3a) , would have become inverted, along with exons 1-22, into a new location adjacent to the truncated copy of int22h. which does not contain the sequences of probe a (Fig 6) .
In addition to the extra truncated copy of int22h involved in the inversion, a double dose of the 14-kb Rcl I fragment was observed. Extra copies of int22h have been and usually have been detected as extra 16-kb bands on Bcl I Southern blots, thus suggesting that the populations studied are polymorphic for the number of int22h copies. This could most easily be explained by unequal crossing over because of recombination within misaligned inf22/?-2 and int22h-3 of homologous chromosomes or sister chromatids. Because both of these distal copies of inf22h lie in the same orientation, this would result in a reciprocal loss or gain of inr22h copies analogous to that resulting in variations of the number of a-globin genes.31 However, the extra copy of int22h involved in patient S143's inversion (rint22h) could not have arisen by unequal crossing over because the data suggest a location distinctly proximal to int22h-2. This favors an alternative mechanism, such as "transposition," for the generation of this extra repeat.
The int22h sequences inserted 70 to 200 kb 5' to the FVIII gene could be unique to patient S143s family or could be present in other individuals. In fact, because the probe used thus far for the analysis of int22h (probe a ) represents only Vwintion in the number cfint22h copies. . hQZh repeats are shown as black boxes and the small unfilled box represents the patient's novel "exon" (see Fig 1) . Also shown are transcripts (arrows under the line), Bcll Southern blot fragments (short bars above the line), the length of the proposed DNA inversion in patient S143 (350 kbl, and the location of the inversion junction product (product II; see Fig 3) . An extra l d k b band was detected by Southern blot, possibly because of a duplication of this area; however, because no further localization was available, this extra copy of intZZh is not shown. use only.
For personal at PENN STATE UNIVERSITY on February 20, 2013. bloodjournal.hematologylibrary.org From 1 kb of the 9.5 kb of int22h, partial copies of int22h would go undetected even if present at polymorphic frequency in the general population. The truncated int22h in patient S143 was identified only because of its involvement in an inversion causing hemophilia A. However, 42 X chromosomes from a panel of 21 unrelated normal females have shown the same, normal number of Bcl I bands when probed with probe a and probe x. This suggests that the tint22h repeat detectable only with probe x does not represent a common polymorphism in the UK population (A. Goodeve, unpublished results). There is a history of hemophilia A in the family of the patient, and several of his relatives have been analyzed by Southern blotting. The inversion pattern is inherited in a stable manner; no alternatives are present in his descendants.
The signijicance of sequence alterations within the inversion junction product. The sequence of the inversion junction involving tint22h showed no differences between patient and control DNA, except for two microdeletions either side of the boundary between tint22h and the sequences normally located 70 to 200 kb telomeric of the FVIII gene (Fig 5) . However, because the patient's mother carries the inversion and an antecedent relative with the additional int22h and lacking the inversion is not available, the mechanism leading to the unusual rearrangement that we have described cannot be fully clarified. Two main possibilities exist. First, the inversion could have resulted from homologous recombination between int22h-I and an already truncated copy of int22h previously inserted at the novel location (this alternative is shown in Fig 6 ) . In this case, the microdeletions at the boundary are likely to represent molecular events accompanying the insertion of tint22h. Alternatively, the tint22h may once have been a complete additional copy of int22h and the inversion and the deletion may have been related events. The boundary sequence would then represent the ends of the deletion, and the microdeletions could be part of this event.
In either case, this report shows further variation in the number of copies of int22h and shows that an extra (truncated) copy of int22h at a novel location is involved in a DNA inversion that causes hemophilia A. This offers further evidence that int22h is associated with instability in the last megabase of Xq28.
